Role of α5β1 Integrin Up-regulation in Radiation-Induced Invasion by Human Pancreatic Cancer Cells  by Yao, Hongren et al.
Role of α5β1 Integrin
Up-regulation in
Radiation-Induced
Invasion by Human
Pancreatic Cancer Cells1
Hongren Yao*, Zhao-Zhu Zeng*, Kevin S. Fay*,
Donna M. Veine*, Evan D. Staszewski*,
Meredith Morgan*, Kari Wilder-Romans*,
Terence M. Williams*, Aaron C. Spalding†,
Edgar Ben-Josef* and Donna L. Livant*
*Department of Radiation Oncology, University of Michigan,
Ann Arbor, MI, USA; †Norton Cancer Radiation Center,
Louisville, KY, USA
Abstract
Radiotherapy is used in the management of pancreatic cancer because of its high propensity for locoregional
relapse: one third of patients succumb to localized disease. Thus, strategies to improve the efficacy of radiother-
apy in pancreatic cancer are important to pursue. We used naturally serum-free, selectively permeable basement
membranes and confocal microscopy of fluorescent antibody–stained human Panc-1, MiaPaCa-2, and BxPC-3 pan-
creatic cancer cell lines to investigate the effects of ionizing radiation on α5β1 integrin fibronectin receptor expres-
sion and on α5β1-mediated invasion. We report that radiation rapidly induces pancreatic cancer cell invasion, and
that radiation-induced invasion is caused by up-regulation of α5β1 integrin fibronectin receptors by transcriptional
and/or postendocytic recycling mechanisms. We also report that radiation causes α5β1 up-regulation in Panc-1,
MiaPaCa-2, and BxPC-3 tumor xenografts and that upregulated α5β1 colocalizes with upregulated early or late
endosomes in Panc-1 or BxPC-3 tumors, respectively, although it may colocalize significantly with both endo-
some types in MiaPaCa-2 tumors. Our results suggest that systemic inhibition of α5β1-mediated invasion might
be an effective way to reduce radiation-induced pancreatic cancer cell invasion, thereby improving the efficacy
of radiotherapy.
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Introduction
Pancreatic cancer has a high predilection for both distant metastatic
spread and for local relapse or progression. Local relapse after surgery
or local progression of unresectable pancreatic cancer is common; ap-
proximately one third of patients actually succumb to localized dis-
ease [1]. Thus, to improve local control, radiotherapy is often used in
addition to systemic therapies to treat this disease. Recent evidence
suggests that the combination of radiation with chemotherapy im-
proves survival compared with chemotherapy alone [2,3].
Radiation has numerous effects on adhesion molecules because
it stimulates production of reactive oxygen intermediates [4]. For
example, a single 3-Gy dose of gamma radiation has been shown
to rapidly upregulate surface ανβ3 and to stimulate glioma cell mi-
gration and invasion [5]. Radiation (2.5-5 Gy) has also been shown
to upregulate surface α5β1 integrin on COLO-320 colorectal carci-
noma cells [6]. We have previously demonstrated that the α5β1 integ-
rin fibronectin receptor mediates invasion in cancer [7–9] and human
microvascular endothelial cells (HMVECs) [10]. Matrix metallo-
proteinase 1 (MMP-1)–dependent invasion by metastatic prostate
and breast cancer cells is induced when their constitutively activated
α5β1 integrin fibronectin receptors interact with the PHSRN se-
quence of the plasma fibronectin (pFn) cell binding domain [7–9].
The PHSRN-α5β1 interaction also induces rapid α5 messenger RNA
(mRNA) and surface α5β1 up-regulation, leading to increasedMMP-1–
dependent invasion by HMVEC; it also induces MMP-1–dependent
invasion by fibroblasts and keratinocytes [10,11].
On the basis of our previous work demonstrating the importance
of the α5β1 integrin fibronectin receptor in invasion and the high
Address all correspondence to: Donna L. Livant, PhD, Department of Radiation
Oncology, University of Michigan, Room 4424F Medical Science 1, 1301 Catherine St,
Ann Arbor, MI 48109-5637. E-mail: dlivant@umich.edu
1This study was supported by National Institutes of Health grants R01 CA119007
(D.L. Livant), R03 CA 127050 (E. Ben-Josef ). The authors have no commercial af-
filiations or financial interests that may be considered conflicts of interest.
Received 11 March 2011; Revised 9 May 2011; Accepted 16 May 2011
Copyright © 2011 Neoplasia Press, Inc.
1944-7124/11/ DOI 10.1593/tlo.11133
www.transonc.com
Trans la t iona l Onco logy Volume 4 Number 5 October 2011 pp. 282–292 282
Open access under CC BY-NC-ND license.
invasive/metastatic potential of pancreatic cancers, we investigated
the effects of ionizing radiation on α5β1 expression and invasion in
three human pancreatic cancer cell lines, in vitro and as tumors in
athymic nude mice. When we found that radiation caused a rapid
induction of α5β1 integrin–mediated, pFn-dependent invasion, we
proceeded to investigate the underlying mechanism(s). We hypoth-
esized that the increase in radiation-induced invasion was mediated
by transcriptionally or posttranslationally increased surface α5β1 in-
tegrin. Postendocytic sorting of internalized membrane proteins is
crucial for cell surface retrieval of receptors on ligand dissociation.
To return directly to the plasma membrane in a “short loop,” α5β1
integrins can internalize to early endosomes [12]. Alternatively, they
are transported to the perinuclear recycling compartment before re-
cycling to the cell surface in a “long loop” involving trafficking
through late endosomes [13]. Hence, we determined the effects of ra-
diation on levels of early and late endosomes in Panc-1, MiaPaCa-2,
and BxPC-3 cells by immunofluorescent (IF) staining.
To determine the mechanism(s) of radiation-induced invasion, we
examined α5β1 transcriptional regulation as well as both early and
late endosome recycling of α5β1. We report that radiation rapidly in-
duced pFn-dependent, α5β1 integrin–mediated invasion by Panc-1,
MiaPaCa-2, and BxPC-3 cells in vitro and caused significant up-
regulation of surface α5β1 by increased α5 transcription or by post-
endocytic recycling from early (Panc-1) or from both early and late
endosomes (BxPC-3 and MiaPaCa-2). We also report that radiation
induced surface α5β1 up-regulation in human Panc-1, MiaPaCa-2,
and BxPC-3 tumors in athymic mice, with similar endosomal colo-
calization patterns as those observed in the cultured cells.
Materials and Methods
Cell Culture
BxPC-3 cells [14] (ATCC, Manassas, VA) were cultured in RPMI-
1640 medium (Mediatech, Inc, Herndon, VA) in 10% fetal bovine
serum (FBS), with 100 μg/ml streptomycin in 5% CO2. Panc-1 cells
[15] (ATCC) were cultured in Dulbecco modified Eagle medium
(Invitrogen, Carlsbad, CA) with 100 μg/ml streptomycin in 10%
FBS in 10% CO2. MiaPaCa-2 cells [16] were cultured in Dulbecco
modified Eagle medium (Invitrogen) with 100 μg/ml streptomycin in
10% FBS and 2.5% horse serum in 10% CO2.
Irradiation of Cells and Tumors
Adherent cells were irradiated once with a single fraction of 1 to
4 Gy (Panc-1), 0.5 to 5.0 Gy (MiaPaCa-2), or 1 to 6 Gy (BxPC-3).
Panc-1, MiaPaCa-2, and BxPC-3 tumors were each grown subcuta-
neously to 200 mm3 in the flanks of athymic nude mice, using pro-
tocols approved by the University Committee on Use and Care of
Animals. Before removal for histologic analysis, tumors of shielded
mice were irradiated once per day for 5 days, at 2-Gy dosages. Ir-
radiations were performed with a Philips RT250 orthovoltage unit
(KIMTRON Medical, Woodbury, CT) at a 2-Gy/min dosage rate.
Dosimetry was performed with an ionization chamber connected to
an electrometer system, directly traceable to National Institute of
Standards and Technology calibration.
In Vitro Invasion Assays
Naturally serum-free, selectively permeable sea urchin embryo
basement membranes (SU-ECMs) were prepared, and in vitro inva-
sion assays were performed as described [7–11]. Irradiated Panc-1,
MiaPaCa-2, and BxPC-3 cells were incubated for various times after
a single radiation dosage. Ten minutes before the end of the appro-
priate incubation period, irradiated cells were suspended, placed on
SU-ECM basement membranes, and allowed to invade for 16 hours
before scoring. Plasma fibronectin–depleted (pFn−) FBS was made
as described [7,8]. For in vitro invasion assays, 300 μg/ml blocking
anti–α5β1 integrin P1D6 monoclonal antibody (MAb), blocking
anti–α3β1 P1B5 MAb, COMY4A2 blocking anti–MMP-1 MAb,
CA-4001 blocking anti–MMP-2 MAb, GE-213 blocking anti–
MMP-9 MAb (Chemicon International, Temecula, CA), or appro-
priate isotype controls (Chemicon International) were prebound to
suspended Panc-1, MiaPaCa-2, or BxPC-3 cells for 20 minutes
on ice. Antibody-bound cells were pelleted, washed once, suspended
in medium with 10% FBS, placed on SU-ECM, and incubated for
16 hours at 37°C before scoring at 400-fold magnification using a
Nikon Diaphot inverted microscope (Mager Scientific, Dexter, MI)
with phase-contrast optics, as described [7–11]. All experiments were
performed in triplicate. Mean invasion percentages (±SD) were fit by
cubic spline using GraphPad Prism 5 software (GraphPad Software,
San Diego, CA).
Real-time Reverse Transcription—Polymerase Chain Reaction
Total RNA was isolated from irradiated Panc-1, MiaPaCa-2, and
BxPC-3 cells 1 hour after radiation, using an RNeasy Plus Mini Kit
(QIAGEN GmbH, Hilden, Germany). RNA integrity was assessed
with Agilent 2100 Bioanalyser (Agilent Technologies, Waldbronn,
Germany). One-step reverse transcription—polymerase chain reaction
(RT-PCR) assays were performed using RT-PCR Kit (QIAGEN), as
directed. Integrin α5 and MMP-1 primers, and reaction conditions
have been described previously [10,17]. Expression levels were normal-
ized to glyceraldehyde 3-phosphate dehydrogenase primer reactions
[18]. Data were collected using the ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA), and data
analysis was performed with SDS 2.2.1 software (Applied Biosystems).
Normalized expression was calculated using comparative threshold
cycle (C t), and fold changes were derived from the 2
−ΔΔCt values for
α5 and MMP-1. P values were calculated with Student’s t test statis-
tical program SPSS 15.0 (SPSS, Inc, Chicago, IL). All experiments
were performed three times.
Immunof luorescent Staining of Panc-1, MiaPaCa-2, and
BxPC-3 Cells
After irradiation, cells were incubated at 37°C for various times,
rinsed thrice with phosphate-buffered saline (PBS), and fixed for
15 minutes in 4% paraformaldehyde in PBS at room temperature.
Cells were treated with 10% normal goat serum (NGS; Vector Labo-
ratories, Burlingame CA) in PBS with 0.2% Triton X-100 for 1 hour.
After blocking, cells were incubated in a mixture of two affinity-
purified primary antibodies: monoclonal antibody (MAb) P1D6
anti-α5β1 (MAb1969), diluted 1:500, and rabbit polyclonal antiserum
(RAb) anti–MMP-1 (RAB8105), diluted 1:400 (Chemicon Interna-
tional); or affinity-purified RAb anti–α5β1 (RAB1928), diluted
1:500 (Chemicon); or anti–EEA-1 MAb or anti–LAMP-1 RAb (BD
Biosciences, San Jose, CA) in 5% NGS in PBS and 0.25% Triton
overnight at 4°C. After three PBS washes, cells were incubated in a
mixture of antirabbit and antimouse secondary antibodies, conjugated
with cyanine 3 (Cy3) or fluorescein isothiocyanate, respectively (Jackson
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ImmunoResearch Lab, Inc) at 1:200 for 1 hour at room temperature.
After three rinses in PBS, slides were mounted in Vectashield Mounting
medium (Chemicon) with 4′,6′-diamidino-2-phenylindole (DAPI),
sealed with nail polish, and examined using a confocal laser scanning
microscope (LSM 510; Carl Zeiss MicroImaging, LLC, Thornwood,
NY). Mean fluorescence intensities were calculated by using ImageJ
software over 30 areas per treatment, selected randomly under a
magnification of 400×. All experiments were performed three times.
All data are expressed as mean ± SEM and evaluated with analysis of
variance Student’s t test. Significance was set at P < .05.
IF Staining of Tumor Xenografts
After fixation in 4% paraformaldehyde, tumors were cut into sec-
tions of 5-μm thickness with a Zeiss Cryostat; and sections were
rinsed three times with PBS. After blocking with 10% NGS in
PBS and Triton for 1 hour at room temperature, sections were incu-
bated for 48 hours at 4°C with primary antibodies, as described pre-
viously. Anti–EEA-1 MAb, anti–LAMP-1 RAb, or anti–α5β1 P1D6
MAb or anti–α5β1 RAb was used at 1:200 dilutions. After three PBS
rinses, sections were incubated in a mixture of antirabbit and anti-
mouse secondary antibodies, conjugated with Cy3 or fluorescein iso-
thiocyanate, respectively ( Jackson ImmunoResearch Lab, Inc) at
1:200 dilutions for 1 hour at room temperature, as described above.
Slides were mounted in Vectashield Mounting medium with DAPI,
sealed with nail polish, and examined with a confocal laser scanning
microscope (LSM 510; Carl Zeiss MicroImaging).
Sections with double immunostaining of anti–EEA-1 or –LAMP-1
and anti–α5β1 primary antibodies were examined by confocal micros-
copy, under 400× magnification. Cells of Panc-1, MiaPaCa-2, or
BxPC-3 tumors, with colocalized fluorescent immunostaining of both
early or late endosomes and α5β1 integrin, were counted as positive if
they contained gold (red plus green) immunofluorescence in greater
than 70% of their cytoplasmic area [19–22]. Fluorescence intensities
of 20 randomly selected areas per section were quantified on each of
30 sections from each tumor by ImageJ analysis computer software.
Sections were each separated by a distance of 50 μm; hence, a total
of 600 areas distributed throughout a 1.5-mm thickness of tumor tis-
sue were analyzed from each tumor. A total of nine irradiated and
nine unirradiated Panc-1, BxPC-3, and MiaPaCa-2 tumors were sam-
pled. All data are expressed as mean ± SEM and evaluated with analy-
sis of variance Student’s t test. Significance was set at P < .05. Image
analysis of edge (0-75 μm) versus middle (150-300 μm) of sectioned,
radiated, and unirradiated Panc-1, MiaPaCa-2, and BxPC-3 tumors
was performed by confocal microscopy. Tumor edges were defined
by the presence of microvasculature and/or associated connective
tissue. Distances from tumor edges were measured by software in-
cluded in the confocal laser scanning microscope (LSM 510; Carl Zeiss
MicroImaging, LLC).
Results
Dependence of Radiation-Induced Invasion on pFn and
α5β1 Integrin
To begin determination of the effects of radiation on invasion,
we measured the ability of Panc-1, MiaPaCa-2, and BxPC-3 cells
to invade basement membranes in response to radiation. We found
that invasion was significantly increased 1 hour after irradiation at
various dosages, as shown in Figure 1A. Maximal Panc-1 invasion
occurred after a 2-Gy dose, whereas 3 Gy induced maximal inva-
sion by MiaPaCa-2 and BxPC-3 cells. Increased Panc-1 invasion
was also observed after 1 or 3 Gy, and 2 Gy also increased invasion
by MiaPaCa-2 and BxPC-3 cells. At higher doses, the percentages of
invaded cells declined. We also evaluated the kinetics of invasion in-
duction in response to radiation, using 2 (Panc-1) or 3 Gy (MiaPaCa-2
and BxPC-3). Peak invasion induction occurred 1 hour after irradia-
tion for all three cell lines (Figure 1B). Invasiveness was still elevated
after 90 minutes and returned to baseline levels within 2 to 3 hours
after radiation. Given the known role of MMP-1 in α5β1-mediated
invasion, the roles of pFn, α5β1, and MMP-1 in radiation-induced
invasion by Panc-1, MiaPaCa-2, and BxPC-3 cells were evaluated.
Selective depletion of pFn from serum prevented radiation-induced
invasion, whereas adding pFn back at the concentration expected in
10% serum [7,8] fully restored it (Figure 1C ). Consistent with the
pFn requirement, prebinding irradiated Panc-1, MiaPaCa-2, and
BxPC-3 cells to blocking anti–α5β1 MAb, before placement on SU-
ECM, prevented radiation-induced invasion. Also, anti–MMP-1 pre-
binding prevented radiation-induced invasion, whereas prebinding to
blocking anti–MMP-2 or –MMP-9 MAb had no inhibitory effect
(Figure 1C ). Taken together, these results suggest that radiation in-
duces α5β1-mediated invasion by pancreatic cancer cells, by increasing
the expression of activated α5β1, and that MMP-1 may play a key role
in invasion.
Surface α5β1 Integrin Up-regulation after Irradiation
The dependence of radiation-induced invasion on pFn, α5β1, and
MMP-1 suggests that radiation may cause rapid up-regulation of sur-
face α5β1 integrin fibronectin receptors and MMP-1 interstitial col-
lagenase. We tested this hypothesis by fluorescent immunostaining of
Panc-1, MiaPaCa-2, and BxPC-3 cells with anti-α5β1 or anti–MMP-1
MAb 1 hour after irradiation with 2 (Panc-1) or 3 Gy (MiaPaCa-2 and
BxPC-3). We found anti-α5β1 immunofluorescence levels to be in-
creased significantly in response to radiation in Panc-1, MiaPaCa-2,
and BxPC-3 cells (Figure 2A). Quantitation of the anti-α5β1 immuno-
fluorescence levels in radiated and unirradiated cells revealed mean in-
creases (±SD) of 2.2-fold (±0.1), 4.1-fold (±0.6), or 1.9-fold (±0.1) in
surface α5β1 for Panc-1, MiaPaCa-2, and BxPC-3 cells, respectively
(shown in Figure 2B). As expected from the dependence of pFn-
induced α5β1-mediated invasion on MMP-1 in breast and prostate
cancer [7,8] and of pFn cell-binding domain-induced α5β1-mediated
invasion on MMP-1 in microvascular cells [10], irradiated Panc-1,
MiaPaCa-2 ,and BxPC-3 cells also displayed increased surface MMP-1,
colocalized with α5β1 integrin 1 hour after irradiation (Figure 2A).
Quantitation of the anti–MMP-1 levels in radiated and unirradiated
cells revealed 1.6-fold (±0.1), 1.4-fold (±0.2), or 2.1-fold (±0.2)
mean (±SD) increases in surface MMP-1 for Panc-1, MiaPaCa-2,
and BxPC-3 cells (Figure 2C ).
Effects of Radiation on α5 Integrin and MMP-1 mRNA Levels
in Irradiated Panc-1, MiaPaCa-2, and BxPC-3 Cells
Radiation-induced α5β1 up-regulation may be caused by increased
α5 integrin mRNA or by posttranscriptional processes. Hence, the ef-
fects of radiation on α5 mRNA levels were evaluated by RT-PCR.
Radiation caused significant up-regulation of α5 mRNA levels in
MiaPaCa-2 (2.6 ± 0.2-fold) and BxPC-3 (3.5 ± 1.0-fold) but not in
irradiated Panc-1 cells (1.6 ± 0.6-fold; Figure 3). As expected from
α5β1-mediated up-regulation of MMP-1 mRNA in HMVEC [10],
and dependence of α5β1-mediated invasion on MMP-1 [7–11], we
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found that radiation caused rapid up-regulation of MMP-1 mRNA
levels in Panc-1 (3.0 ± 1.2-fold), MiaPaCa-2 (2.4 ± 0.3-fold), and
BxPC-3 (3.5 ± 0.3-fold). Because α5 transcription increased sig-
nificantly (P < .05) in MiaPaCa-2 and BxPC-3 but not in Panc-1,
whereas surface α5β1 receptor levels increased 1.9- to 4.1-fold in all
three cell lines, posttranscriptional mechanisms involving increases in
trafficking rates may also be important, especially in Panc-1 cells.
Effects of Radiation on Early and Late Endosomes and
Colocalization of Anti-α5 Immunostaining in Panc-1,
MiaPaCa-2, and BxPC-3 Cells
Integrins are continuously recycled through two distinct pathways.
Rapid recycling occurs from early endosomes; however, recycling re-
ceptors may also return to the plasma membrane from the late en-
dosome perinuclear compartment, which may also contain newly
translated proteins [12,23,24]. Hence, we assessed the effects of ra-
diation on levels of early and late endosomes and on their colocaliza-
tion of α5β1. To determine the effects of radiation on levels of early
and late endosome recycling of α5β1, we coimmunostained in Panc-1,
MiaPaCa-2, and BxPC-3 cells for early (EEA-1) or late (LAMP-1)
endosomes and α5β1. We observed that early endosome levels in-
creased by 28-fold in Panc-1 and by 18-fold in MiaPaCa-2 cells 1 hour
after radiation (Figure 4, A and B). More importantly, fluorescent anti-
α5β1 seemed to colocalize with anti–EEA-1 immunostaining. A sig-
nificantly smaller radiation-induced increase in anti–EEA-1 (2.4-fold)
was observed in BxPC-3 cells in response to radiation. In contrast,
the radiation-induced increase in anti–LAMP-1 immunostaining of
late endosomes in BxPC-3 cells (13.9-fold) was significantly greater
than in Panc-1 (2.6-fold) or MiaPaCa-2 cells (3.6-fold; Figure 4, A
and C). Consistent with late endosome recycling of α5β1 in BxPC-3
cells, fluorescent anti-α5β1 seemed to colocalize with anti–LAMP-1
immunostaining. Together, these data indicate that radiation may
cause pronounced up-regulation of surface α5β1 by increasing its re-
cycling through early endosomes, without a significant increase or with
only a modest increase α5 subunit mRNA in Panc-1 and MiaPaCa-2
cells, respectively. In contrast, increased α5 mRNA, as well as in-
creased trafficking through late endosomes, may function in radiation-
induced surface α5β1 up-regulation in BxPC-3 cells. Because late
endosomes, but not early endosomes, can contain newly translated
proteins [13], these results are consistent with the increased α5 mRNA
levels we observed in MiaPaCa-2 and BxPC-3 cells in response
to radiation.
Effects of Primacrine on Radiation-Induced Surface α5β1
Up-regulation and Invasion in Panc-1, MiaPaCa-2, and
BxPC-3 Cells
To further characterize the temporal changes in early and late
endosomes induced by single radiation dosages, the effects on levels
of early and late endosomes and surface α5β1 integrin were de-
termined by fluorescent immunostaining of Panc-1 cells 1, 2, and
Figure 1. Radiation-induced invasion dose responses, time courses and dependence on pFn, α5β1 integrin, and MMP-1. (A) Dose re-
sponses. x axis indicates radiation doses (Gy); y axis, relative percent invasion compared with unirradiated controls. Black circles indi-
cate BxPC-3; black triangles, MiaPaCa-2; white circles, Panc-1. (B) Time courses. Doses: Panc-1, 2 Gy; MiaPaCa-2, 3 Gy; BxPC-3, 3 Gy.
x axis indicates hours because radiation; y axis, relative percent invasion compared with unirradiated controls. Black circles indicate
BxPC-3; black triangles, MiaPaCa-2; white circles, Panc-1. (C) pFn, α5β1, and MMP-1 dependence. x axis indicates treatment groups. pFn,
5 μg/ml; FBS, 10%; anti-α5β1, 300 μg/ml; anti-α3β1, 300 μg/ml; anti–MMP-1, 100 μg/ml; anti–MMP-2, 100 μg/ml; anti–MMP-9, 100 μg/ml.
y axis indicates relative percent invasion compared with unirradiated controls. Black bars indicate BxPC-3; gray bars, MiaPaCa-2; white
bars, Panc-1. (A–C) Data are normalized to unirradiated controls and are the means ± first SDs of values from n = 3 experiments, each
run in triplicate. Significance was set at P < .05.
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4 hours after irradiation. Furthermore, to determine the involvement
of endosome recycling on increased surface α5β1, cells were treated
with primacrine, an inhibitor of early endosomal recycling to the
plasma membrane [25]. As shown by anti–EEA-1 immunostaining
of Panc-1 cells 1, 2, or 4 hours after radiation, a rapid 28- to 35-fold
up-regulation of early endosomes and an 11- to 14-fold increase sur-
face α5β1 were observed (Figure 5A). However, there was only a
modest effect on the levels of late endosomes (1.8- to 3.1-fold in-
crease). Consistent with these results, exposure of Panc-1 cells to
primacrine shortly before irradiation prevented radiation-induced
up-regulation of both early endosomes and surface α5β1, with respect
to unirradiated Panc-1 cells, as shown in Figure 5A.
Likewise in MiaPaCa-2 cells, up-regulation of early endosomes
was evidenced by a rapid increase (18- to 22-fold) in anti–EEA-1
immunostaining in response to radiation. Furthermore, this increase
in early endosomes was paralleled by a 13- to 21-fold increase sur-
face α5β1 (Figure 5A). Exposure of MiaPaCa-2 cells to primacrine
shortly before irradiation prevented radiation-induced up-regulation
of early endosomes (decrease to 0.6-fold of untreated levels). How-
ever, in contrast to Panc-1 cells, radiation also induced a significant
Figure 2. Radiation-induced surface α5β1 and MMP-1 up-regulation. Panc-1, MiaPaCa-2, and BxPC-3 cells were treated with the indicated
doses of radiation (RT) or without (NRT) and then fixed and stained with primary antibodies recognizing α5β1 or MMP-1, fluorescent sec-
ondary antibodies, and DAPI. (A) Representative examples. α5β1 indicates anti-α5β1; DAPI, nuclear DNA; MMP1, anti–MMP-1; NRT, no
radiation treatment; RT, 1 hour after radiation. (B) Anti-α5β1 IF levels from three experiments. x axis indicates treatments and cell lines: 2 Gy,
Panc-1; 3 Gy, MiaPaCa-2, 3 Gy, BxPC-3. NRT indicates no radiation treatment. y axis indicates mean anti-α5β1 IF levels (±SEM). Mean fold
up-regulation of surface immunofluorescence levels in irradiated versus unirradiated cells (±SD) are indicated. Significance was set at
P < .05. (C) Anti–MMP-1 IF levels from three experiments. x axis indicates treatments and cell lines: 2 Gy, Panc-1; 3 Gy, MiaPaCa-2,
3 Gy, BxPC-3. NRT indicates no radiation treatment. y axis indicates mean anti–MMP-1 immunofluorescence levels (±SEM). Mean fold
up-regulation (±SD) are shown at the top. P < .05.
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Figure 3. Effects of radiation on α5 integrin subunit and MMP-1 mRNA levels: Panc-1 (A), MiaPaCa-2 (B), and BxPC-3 cells (C). x axes
indicate dose in gray; y axes, mean relative mRNA levels (±SEM) for experiments run and repeated in triplicate. Black bars indicates
α5 mRNA; gray bars, MMP-1 mRNA. Significance was set at P < .05.
Figure 4. Effects of radiation on anti–EEA-1 and anti–LAMP-1 immunostaining and colocalization with anti-α5β1. (A) Examples of un-
irradiated and radiated Panc-1, MiaPaCa-2, and BxPC-3 cells coimmunostained with anti–EEA-1 MAb (EEA-1) and anti-α5β1 antiserum
(α5 Serum) or with anti–LAMP-1 MAb (LAMP-1) and anti-α5β1 MAb (α5β1). (B) Effects of radiation on anti–EEA-1 IF levels. Black bars
indicate BxPC-3; gray bars, MiaPaCa-2; white bars, Panc-1. All values listed were each made on four plates containing hundreds of cells,
for each of two independent experiments. x axis indicates treatments and cell lines. NRT indicates no radiation treatment; 2GY, 1 hour
after a single 2-Gy dose; 3GY, 1 hour after a single 3-Gy dose. y axis indicates mean anti–EEA-1 IF (±SEM). Mean fold up-regulation
(±SD) shown at the top. Significance was set at P < .05. (C) Effects of radiation on anti–LAMP-1 IF. Black bars indicate BxPC-3; gray
bars, MiaPaCa-2; white bars, Panc-1. All values listed were each made on four plates containing hundreds of cells, for each of two
independent experiments. x axis indicates treatments and cell lines. NRT indicates no radiation treatment; 2GY, 1 hour after a single
2-Gy dose; 3GY, 1 hour after a single 3-Gy dose. y axis indicates mean anti–LAMP-1 IF (±SEM). Mean fold up-regulation (±SD) shown at
the top. P < .05.
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increase on the levels of late endosomes (3.6- to 5.1-fold increase
after 1 hour). Consistent with these results, exposure of MiaPaCa-2
cells to primacrine shortly before irradiation reduced neither the levels
of radiation-induced late endosomes (3.9-fold increase) nor surface
α5β1 (8.1-fold increase), suggesting that late endosomes play a key role
in radiation-induced surface α5β1 up-regulation in MiaPaCa-2 cells.
We also determined the effects of primacrine on levels of early and
late endosomes, as well as on surface α5β1 in BxPC-3 cells 1, 2, or
4 hours after irradiation. Radiation treatment caused a rapid 15- to
17-fold increase in late endosomes and a 13- to 15-fold up-regulation
of surface α5β1 in BxPC-3 (Figure 5A) but had a much smaller stim-
ulatory effect on early endosomes (1.5- to 3.4-fold increase).
We next determined the effects of primacrine on radiation-induced
invasion. Consistent with its inhibitory effects on early endosomal re-
cycling, primacrine pretreatment completely prevented both back-
ground and radiation-induced invasion by Panc-1 cells (Figure 5B). In
contrast, primacrine pretreatment reduced but did eliminate radiation-
induced invasion by MiaPaCa-2 or BxPC-3 cells (Figure 5, C and
D, respectively). In fact, it seemed that, although primacrine was able
to prevent invasion by unirradiated MiaPaCa-2 and BxPC-3 cells,
it had only a partial effect on the increased invasion observed 1 hour
after irradiation. These results are consistent with the significant in-
volvement of late endosomal recycling in radiation-induced α5β1 up-
regulation in MiaPaCa-2 and BxPC-3 cells, shown in Figure 5A.
Up-regulation of α5β1 and EEA-1 or LAMP-1 IF Staining in
Irradiated Panc-1, MiaPaCa-2, and BxPC-3 Tumors
To determine the effects of radiation on α5β1 integrin, as well as
on early and late endosome recycling in vivo, we analyzed Panc-1–,
MiaPaCa-2–, and BxPC-3–derived xenografts for α5β1 integrin,
EEA-1, and LAMP-1 immunofluorescence. To equalize any possible
effects of the circulation on up-regulation levels, immunofluorescence
was quantitated 0 to 75 μm from the edges of the sectioned tumors, as
defined by the presence of vasculature and/or visible connective tissue.
Effects of radiation on surface α5β1, EEA-1, and LAMP-1 levels and
on their colocalization in sectioned Panc-1, MiaPaCa-2, and BxPC-3
tumors are shown in Figure 6. As shown in Figure 6 (A and C), mean
anti-α5β1 immunofluorescence levels were increased significantly, by
three- to five-fold (P < .05), in irradiated Panc-1, MiaPaCa-2, and
BxPC-3 tumors. Mean anti–EEA-1 immunofluorescence levels were
also significantly increased in irradiated Panc-1 tumors, relative to
unirradiated controls (P < .05). A smaller but detectable increase in
anti–EEA-1 immunofluorescence was also observed in irradiated
MiaPaCa-2 tumors (P < .05), but very little increase was observed
Figure 5. Effects of radiation and primaquine treatment on radiation-induced anti-α5β1, EEA-1, and LAMP-1 immunostaining and on
radiation-induced invasion. (A) IF levels of anti–EEA-1, anti–LAMP-1, and anti-α5β1 immunostained cells. x axis indicates cells and anti-
sera; y axis, mean IF levels (±SEM). Black bars indicate 1 hour after radiation and primaquine treatment; dark gray bars, 4 hours after
radiation; light gray bars, 1 hour after radiation; medium gray bars, 2 hours after radiation; white bars, unirradiated cells. Radiation
doses: Panc-1, 2 Gy; MiaPaCa-2, 3 Gy; BxPC-3, 3 Gy. Mean IF levels shown (±SEM). All values were obtained from hundreds of cells
on four independent plates for each experiment, and each experiment was repeated twice. Significance was set at P< .05. (B) Effects of
primaquine on radiation-induced Panc-1 invasion in vitro. (C) Effects of primaquine in radiation-induced MiaPaCa-2 invasion in vitro. (D)
Effects of primaquine on radiation-induced BxPC-3 invasion in vitro. Panels B, C, and D: x axes indicate treatments. NRT indicates no
radiation treatment; Prim, primaquine; RT, 1 hour after radiation treatment (Panc-1, 2 Gy; MiaPaCa-2 and BxPC-3, 3 Gy). y axes indicate
mean percentages of cells invaded (±SD) relative to NRT. Values obtained from quadruplicate plates for each condition, in each of three
separate experiments. P < .05.
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Figure 6. Effects of radiation on α5β1, EEA-1, and LAMP-1 up-regulation and colocalization in Panc-1, MiaPaCa-2, and BxPC-3 tumors in
athymic nude mice. (A) Up-regulation of α5β1, EEA-1, or LAMP-1 fluorescent immunostaining in irradiated Panc-1, MiaPaCa-2, and BxPC-3
tumors. x axis indicates tumors. Gray bars are sections from irradiated Panc-1, MiaPaCa-2, and BxPC-3 tumors; white bars are sections
from unirradiated Panc-1, MiaPaCa-2, and BxPC-3 tumors; white and gray bars are shown as superimposed. y axis indicates the mean
number of positive cells (±SEM), exhibiting anti-α5β1, anti–EEA-1, or anti–LAMP-1 IF in greater than 70% of the cytoplasmic area for each
cell. Each mean value shown was obtained from all cells in 30 sections, each separated by 50 μm, for each of five irradiated and five
unirradiated tumors, for a total of 150 sections per tumor. Tumor areas scored were located from 0 to 75 μm from the edges of the tumors,
as defined by the presence of microvasculature and/or connective tissue. Significance was set at P< .05. (B) Colocalization of upregulated
α5β1 and EEA-1 or upregulated α5β1 and LAMP-1 fluorescent immunostaining in irradiated Panc-1, MiaPaCa-2, and BxPC-3 tumors. x axis
indicates tumors. Bars are shown as superimposed; gray bars are sections from irradiated Panc-1, MiaPaCa-2, or BxPC-3 tumors; white
bars are sections from unirradiated Panc-1, MiaPaCa-2, or BxPC-3 tumors. y axis indicates mean number of positive cells (±SEM), contain-
ing colocalized (yellow), anti-α5β1 and anti–EEA-1, or anti-α5β1 and anti–LAMP-1 immunofluorescence in greater than 70% of the cytoplas-
mic area for each cell. Each mean value shown was obtained from all cells in 30 sections, each separated by 50 μm, for each of nine
irradiated and nine unirradiated tumors, for a total of 150 sections per tumor. Significance was set at P < .05. (C) Examples of anti–EEA-1
and anti-α5β1 or anti–LAMP-1 and anti-α5β1 immunostained Panc-1, MiaPaCa-2, or BxPC-3 tumor sections. Sections were photographed at
0 to 75 μm from the edge. α5β1 indicates anti-α5β1 primary MAb; DAPI, nuclear DNA; EEA-1, anti–EEA-1 primary Ab (antiserum); LAMP-1,
anti–LAMP-1 primary Ab; NRT, no radiation treatment; RT, radiation treatment (a total of five daily 2-Gy doses).
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in irradiated BxPC-3 tumors. In contrast, anti–LAMP-1 immunoflu-
orescence was significantly (P < .05) increased in irradiated MiaPaCa-2
and BxPC-3 tumors, but not in Panc-1 tumors, relative to unirradi-
ated controls (Figure 6, A and C).
We next wished to determine whether α5β1 integrin was colocal-
ized with early endosomes in irradiated tumor xenografts. Hence, we
scored tumor cells according to anti–EEA-1 (green) and anti-α5β1
(red) immunofluorescence, as shown by gold fluorescence in greater
than 70% of their cytoplasmic volume. We found colocalized α5β1
integrin and EEA-1 to be significantly increased (P < .05), by approx-
imately 10-fold, in response to radiation in Panc-1 tumors (Figure 6B),
consistent with the ability of primacrine to prevent radiation-induced
Panc-1 cell invasion (Figure 5). In MiaPaCa-2 tumors, the radiation-
induced increase in the mean number of cells with colocalized anti–
EEA-1 and anti-α5β1 immunofluorescence was significant (P < .05)
but smaller than in Panc-1. In irradiated BxPC-3 tumors, the mean
number of cells with colocalized anti–EEA-1 and anti-α5β1 immu-
nofluorescence seemed to increase somewhat; however, even after ir-
radiation, the numbers of BxPC-3 tumor cells exhibiting significant
anti–EEA-1 immunofluorescence levels were still very low.
The effects of radiation on the levels of colocalized α5β1 integrin
and late endosomes were also assessed in the pancreatic tumors. We
found that radiation induced an approximately 20-fold increase in
BxPC-3 tumors and that this increase was significant (P < .05). Fur-
thermore, irradiated MiaPaCa-2 tumors also exhibited a significant
increase in colocalized anti-α5β1 and LAMP-1 immunofluorescence
(P < .05), whereas Panc-1 tumors exhibited no radiation-induced in-
crease in colocalized anti-α5β1 and anti–LAMP-1. These results suggest
that late endosomes may play an important role in radiation-induced
invasion by MiaPaCa-2 and BxPC-3 tumor cells; but may not be crit-
ical to radiation-induced Panc-1 invasion. Radiation-induced α5β1,
EEA-1 and LAMP-1 up-regulation in more interior regions (150-
300 μm from the vasculature/connective tissue) of irradiated Panc-1,
MiaPaCa-2, and BxPC-3 tumors exhibited similar patterns, but the
overall levels of up-regulation were not as great (data not shown).
These results suggest that, although early endosomes may play a sig-
nificant role in radiation-induced invasion by Panc-1 tumor cells, late
endosomes may be more important in radiation-induced invasion by
MiaPaCa-2 and BxPC-3 tumor cells.
Discussion
In this study, we have found that a low dose of ionizing radiation
rapidly induces α5β1 integrin–mediated, pFn-dependent invasion
by Panc-1, MiaPaCa-2, and BxPC-3 pancreatic cancer cells. Increased
invasion was associated with surface α5β1 integrin up-regulation, which
occurred by mechanisms including increased α5 transcription (BxPC-3
and MiaPaCa-2), as well as increased postendocytic recycling of α5β1
from early (Panc-1) or from both early and late endosomes (MiaPaCa-2
and BxPC-3). Our results also indicated that interstitial collagenase
MMP-1 is required for radiation-induced invasion by all three pan-
creatic cancer cell lines, consistent with the key role of MMP-1 in
α5β1-mediated invasion by breast and prostate cancer cells, micro-
vascular endothelial cells, fibroblasts, and keratinocytes [7–11]. In sup-
port of the requirement for MMP-1 in radiation-induced invasion, we
also observed that radiation causes rapid up-regulation of MMP-1
mRNA levels in Panc-1, MiaPaCa-2, and BxPC-3 cells. These find-
ings were further supported by the results of in vivo studies indicating
that α5β1 is upregulated in response to radiation in Panc-1, MiaPaCa-2,
and BxPC-3 xenografts through mechanisms involving early and late
endosome recycling of α5β1 integrin.
Because prior studies have demonstrated that α5β1 receptors play
key roles in both angiogenic invasion by microvascular endothelial
cells and metastatic invasion by breast and prostate cancer cells [7–
10], their surface up-regulation in response to radiation could have
important consequences in pancreatic cancer, especially concerning
the invasive behaviors of surviving cells. This is an important consid-
eration because several studies by us and by others have shown that
substantial numbers of Panc-1, MiaPaCa-2, and BxPC-3 cells sur-
vive radiation at doses similar to or greater than those used here.
For example, 80% of MiaPaCa-2 and 75% of BxPC-3 cells have
been shown to survive a 3-Gy dose by clonogenic assay, and a 4-Gy
dose has been found to induce apoptosis in only 15% of MiaPaCa-2
and 20% of BxPC-3 cells [26]. Also, a single 7-Gy dose has been
shown to reduce Panc-1 clonogenic survival by just 30% [27]. Con-
sistent with these results, a 30-Gy dose induced apoptosis in 7% of
Panc-1 cells after 48 hours, as shown by propidium iodide flow cytom-
etry [28]. We have also observed similar clonogenic survival levels in
BxPC-3 and MiaPaCa-2 cells, after single doses of 4.0, 5.0, or 6.0 Gy
[29,30]. Thus, substantial numbers of Panc-1, MiaPaCa-2, and BxPC-
3 cells likely survive and proliferate after receiving the single 2- or 3-Gy
dose required for invasion induction.
Consistent with our observations, radiation has been shown to in-
crease surface integrin expression and invasiveness in other types of
cancer cells. For example, radiation increased MMP-1 mRNA levels,
as well as adhesion, migration, and invasion on type I collagen by
human non–small cell lung cancer H1299 cells [31]. Radiation also
increased surface levels of α5β1 integrin, and adhesion to fibronectin
by COLO-320 human colorectal cancer cells [6]. Radiation, at dos-
age levels similar to those reported here, has been shown to upregu-
late both α5β1 integrin and its ligand, fibronectin, specifically in
cultured malignant human breast cancer cells. Moreover, a high ex-
pression of α5 integrin gene was found to be significantly associated
with a reduced survival in breast cancer patients [32]. A radiation-
induced increase in invasion by Panc-1 cells has also been observed
[33]. In addition to direct effects on cancer cell invasion, radiation
may also stimulate pancreatic cancer cell invasion indirectly, through
effects on stromal fibroblasts [34]. It has also been proposed that
radiation-induced inflammatory responses might increase invasion
of tumor margins by leukocytes; hence, several studies have focused
on the effects of radiation on adhesion molecules specifically involved
in leukocyte invasion and inflammation [35,36].
The key roles of α5β1 integrin and MMP-1 in invasion and metas-
tasis suggest that an inhibitor specifically targeting the constitutively
activated α5β1 integrin receptors of tumor cells and the endothelial
cells of their associated vasculature, which mediate MMP-1–dependent
angiogenic and metastatic invasion [7–10], might be an efficacious,
well-tolerated therapy, which could be used to limit invasion by sur-
viving tumor cells after radiation therapy. We have devised a five-
amino-acid peptide that is a potent inhibitor of α5β1 integrin–mediated
invasion by metastatic cancer cells. The acetylated, amidated PHSCN
peptide, Ac-PHSCN-NH2 [8], emerged as an invasion inhibitor dur-
ing structure activity studies of the invasion-inducing PHSRN peptide
[11]. The PHSRN sequence of the fibronectin cell binding domain
[37,38] is uniquely an α5β1 integrin ligand. In addition to preventing
prostate cancer cell invasion andmetastasis [8], Ac-PHSCN-NH2 is also
a potent inhibitor of microvascular endothelial cell invasion and angio-
genesis [10]. Systemic Ac-PHSCN-NH2 prevented disease progression
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for prolonged periods in several preclinical models [8,39–41]. As ATN-
161, systemic Ac-PHSCN-NH2 was also a well-tolerated efficacious
monotherapy in a phase 1 clinical trial, where 0.5- to 5.0-mg/kg dosage
levels prevented disease progression for 4 to 14 months in more than
30% of patients receiving it [42]. Recently, a highly potent derivative
of the PHSCN peptide, formed by attaching eight PHSCN moieties
to a polylysine dendrimer multiantigenic protein, or MAP, to make
Ac-PHSCNGGK-MAP, was found to be 1000- to 1900-fold more
efficacious than Ac-PHSCN-NH2 at blocking basement membrane
invasion by DU 145 and PC-3 human prostate cancer cells or by
SUM149PT and MDA-MB-231 human breast cancer cells in vitro,
as well as extravasation and lung colony formation in vivo [43,44].
Thus, α5β1 integrin may be a fruitful target for the prevention of meta-
static as well as radiation-induced invasion. These results suggest that, in
addition to preventing disease progression, inhibition of α5β1 integrin–
mediated invasion by systemic Ac-PHSCN-NH2 or Ac-PHSCNGGK-
MAP therapy might also reduce local invasion during radiotherapy for
pancreatic cancer patients.
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